In the early postpartum period, mother and infant navigate a critical neuroendocrine transition from pregnancy to lactation. Two major clinical problems that occur during this transition are failed lactation and perinatal mood disorders. These disorders often overlap in clinical settings. Failed lactation is common. Although all major medical organizations recommend 6 months of exclusive breastfeeding, only 13% of women in the United States achieve this recommendation. Perinatal mood disorders affect 10% of mothers, with substantial morbidity for mother and child. We hypothesize that shared neuroendocrine mechanisms contribute to both failed lactation and perinatal mood disorders. In this hypothesis article, we discuss data from both animal models and clinical studies that suggest neuroendocrine mechanisms that may underlie these two disorders. Research to elucidate the role of these underlying mechanisms may identify treatment strategies both to relieve perinatal depression and to enable women to achieve their infant feeding goals.
Introduction
F ailed lactation and perinatal depression are two common disorders with major public health consequences. All major medical organizations recommend that mothers breastfeed exclusively for at least 6 months, 1 but only 13% of women in the United States achieve this goal, resulting in an estimated $13 billion in excess costs, due primarily to infection-related infant morbidity and mortality. 2 Perinatal depression, defined as a major depressive episode 3 that occurs either during pregnancy or within the first 6 months postpartum, affects 10%-15% of mothers and can have devastating consequences for mother, child, and family. 4 In both clinical practice and observational studies, these two conditions frequently occur together, but the direction of this association is unclear. Higher rates of formula feeding have been documented among depressed mothers, 5 however, and longitudinal data suggest that the onset of depression usually precedes weaning. 6 Failed lactation is difficult to capture in epidemiologic studies because a variety of factors may lead a mother to wean. However, data suggest that weaning is often involuntary. In a recent longitudinal study of U.S. women, less than half breastfed their infants as long as they had wanted to. 7 We define failed lactation as weaning earlier than the mother desires because of physiologic difficulties, such as pain, difficult latch, or concerns about milk supply. 8 We hypothesize that failed lactation and perinatal mood disorders share a common pathophysiologic basis. In the weeks after birth, the maternal neuroendocrine system undergoes an abrupt transition as hypothalamic and other central neuroregulatory systems adjust to loss of placental hormones, declining binding globulin levels, and the stressor of caring for a new infant. In this article, we present our hypothesis that this neuroendocrine transition may contribute both to breastfeeding difficulties and to perinatal mood disorders, and we propose a blueprint for future investigations of these conditions. In animal studies, authors have elucidated the role of lactogenic hormones, progesterone withdrawal, adrenal and autonomic stress reactivity, and thyroid homeostasis in both lactation physiology and maternal behavior, which serves as a proxy for postpartum mood disorders. Clinical studies also provide evidence for these pathways in the pathophysiology of both failed lactation and perinatal depression. In the text that follows, we discuss clinical and preclinical evidence of overlapping mechanisms in lactogenic hormones, ovarian hormones, stress reactivity systems, pain perception, and thyroid homeostasis (Table 1 and Fig. 1 ). We also address the potential effects of maternal depression on fetal/infant development as it relates to establishment of lactation. We conclude with areas for future research to elucidate the pathophysiology and define optimal treatment for perinatal depression associated with breastfeeding difficulties. Understanding the shared neuroendocrine mechanisms associated with these conditions may suggest new avenues for treatment of these common and morbid complications of the postpartum period.
Gonadal and Lactogenic Hormones
During pregnancy, estrogen and progesterone stimulate differentiation of breast ducts and lobules in anticipation of lactation. In the early postpartum period, falling progesterone triggers the onset of milk synthesis, and infant suckling stimulates production of oxytocin and prolactin. These hormones control the synthesis and secretion of milk, and they also impact maternal mood. Progesterone withdrawal may be the cause of the baby blues in the first few days postpartum, and in some women, this transition triggers a prolonged depressive episode. In animal models, both oxytocin and prolactin are critical for maternal caretaking, and antagonists cause disruption of mothering behavior.
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Progesterone
The postpartum fall in progesterone triggers onset of milk production, releasing the gestational progesterone blockade of prolactin-induced transcription of milk proteins. 12 This precipitous decrease also affects mood through progesterone's neurosteroid metabolite, allopregnanolone. Allopregnanolone is a potent gamma-aminobutyric acid (GABA) agonist, and during pregnancy, rising progesterone leads to elevated central allopregnanolone levels, which inhibit stress reactivity. 13 After birth, falling allopregnanolone levels necessitate rapid changes in GABA receptor expression. In a knockout mouse model, postpartum animals lacking one of the GABA subunits exhibit anxiety and poor pup caretaking behavior, but virgin animals are unaffected, suggesting that GABA function is sensitive to changing progesterone levels in the peripartum period.
14 In postpartum women, lower levels of allopregnanolone are associated with depressive symptoms in the early postpartum period. 15 Further, women with a history of depression have reduced conversion of oral progesterone to allopregnanolone 16 and reduced allopregnanolone levels in response to a standardized stressor. 17 In some individuals, allopregnanolone appears to have a biphasic effect, with anxiogenic effects at low doses and calming effects at higher doses. 18 These findings support the hypothesis that in sensitive individuals, fluctuations in progesterone and allopregnanolone may contribute to perinatal depression.
A link between postpartum mood instability and onset of lactation was described as early as 1875, when George Savage wrote: ''About two days after delivery some women become excited, sleepless, and incoherent..This is called 'milk fever,' and coincides with the beginning of the flow of milk.'' 19 For many women, this transient mood instability, referred to as the baby blues, 20 will resolve spontaneously. More severe and Loss of HPA axis homeostasis in women with perinatal mood disorders may interfere with both the stress-attenuating effects of lactation and the physiology of milk production.
Autonomic nervous system
Animal studies suggest that oxytocin-rich parasympathetic centers in the brainstem subserve mothering and feeding behavior. Dysregulation of these pathways may contribute to both perinatal mood disorders and diminished breastfeeding. Pain perception Differences in central nociception pathways may predispose women to both severe breastfeeding-associated pain and perinatal depression.
Hypothalamic-pituitarythyroid axis
Thyroxin is necessary for normal lactation-associated oxytocin release. Hypothyroxinemia may contribute to both perinatal mood disorders and low milk supply.
Infant development
Gestation in the setting of maternal depression or anxiety may affect infant temperament and delay oromotor development, which can impede the infant's ability to latch and lead to breastfeeding difficulties.
persistent mood symptoms will result in postpartum depression (PPD), defined as a major depressive episode with onset in the acute postpartum period. 21, 22 Because allopregnanolone withdrawal coincides with the onset of milk production, we speculate that women who are sensitive to neurosteroid fluctuations may have greater difficulty navigating feeding challenges in the first few days after birth, and these difficulties may lead to premature weaning.
Estrogen
During pregnancy, estrogen stimulates elaboration of ductal tissue in the breast. 12 Estrogen levels fall after birth and remain low during lactation because of suppression of the hypothalamic-pituitary-ovarian axis. These low levels appear to be important for early milk production, as pharmacologic doses of estrogen can inhibit milk synthesis after birth. 12 We speculate that this physiologic hypogonadism during lactation may play a role in the development of PPD in women vulnerable to fluctuations of gonadal steroids. Bloch et al. 23 have demonstrated that women with a history of PPD demonstrate abnormal responses to physiologic fluctuations in gonadal steroids, and postpartum estrogen supplementation, which reverses the postpartum decline in estrogen levels, can improve depressive symptoms. 24 In a small, open-label study of sublingual 17b-estradiol for PPD, 25 the authors reported no adverse reactions in 13 breastfeeding infants, although data on milk production was not presented. Further studies are needed to determine the role of lactational hypogonadism in PPD and the impact of estrogen supplementation on breastfeeding outcomes.
Oxytocin
Oxytocin is critical in breastfeeding physiology because it stimulates let down, the contraction of myoepithelial cells that transfers milk to the areola for the suckling infant. 12 Oxytocin also plays a vital role in the onset of maternal behaviors in a variety of animal models. 26, 27 This distinctly mammalian neuropeptide binds to receptors at widespread sites within the brain, where it affects maternal behavior necessary for offspring survival. Central oxytocin activity decreases aggressive responses toward offspring and increases aggressive/defensive behaviors against others who may present infanticidal threats. These behavioral changes are correlated with greater oxytocin receptor expression in the paraventricular nucleus (PVN), medial preoptic area, lateral septum, and central nucleus of the amygdala 28 and stand in striking contrast to those shown by virgin females, who are naturally indifferent, avoidant, or even hostile to young. Experimental manipulations attest to the causal role of oxytocin in initiation of maternal behaviors. Oxytocin knockout mice display both infanticide and overly aggressive responses to intruders. 29 Oxytocin administration into the cerebral ventricles of virgin rats or sheep induces mothering behavior, [30] [31] [32] [33] whereas oxytocin antagonists impair the normal onset of maternal behavior after parturition. 9 These findings underscore the importance of intact oxytocin pathways for maternal behavior after partuition.
Data from human studies suggest that disruptions in oxytocin homeostasis may affect both maternal mood and breastfeeding success. Authors recently reported an association between low oxytocin during pregnancy and PPD. 34 During lactation, stressors can inhibit oxytocin activity. In clinical studies, pain and stress inhibit milk transfer, and this inhibition can be overcome with exogenously administered oxytocin. 35 Birth-related stressors may also impact oxytocin levels. Nissen et al. 36 found that emergent cesarean birth was associated with diminished oxytocin production during suckling, compared with vaginal birth, and this association was stronger among anxiety-prone women. 37 These findings suggest that both stressors and anxiety are correlated with diminished oxytocin release, which may, in turn, affect milk let down and perinatal mood.
Prolactin
The hormone prolactin stimulates milk synthesis in the mammary epithelial cell. Prolactin levels are elevated in pregnancy and in the immediate postpartum period. Basal levels fall with prolonged lactation, although suckling continues to induce peak levels that are twice as high as baseline levels. 38 Prolactin also plays a central role in maternal behavior in animal models. In rodents, knockout or antagonism of central prolactin receptors impairs maternal behaviors, 10, 11, 39 whereas cerebroventricular infusion induces maternal behavior in virgin females. 40 In addition, pregnancy-induced prolactin elevations appear necessary for neurogenesis of cells involved in olfactory learning important for pup recognition. Deficits or blockade of prolactin during pregnancy increases maternal anxiety and impairs maternal behavior after parturition. 41 In primates, greater levels of urinary prolactin accompany greater levels of maternal behaviors, 42 and prolactin levels increase in males and females engaging in alloparenting nurturing behaviors.
Suckling-induced response to prolactin may play a role in low milk supply and perinatal mood disorders. In animal studies, inhibition of both serotonin 43 and endogenous opioids 44 blocks suckling-induced prolactin release and milk transfer. Prolonged stress appears to decrease the effect of endogenous opioids on prolactin secretion, 45 suggesting that tonic hypothalamic-pituitary-adrenal (HPA) axis activation may inhibit prolactin production. In human studies, both obesity 46 and family history of alcoholism 47 are associated with blunted prolactin response to suckling. These findings are consistent with data showing that stressors affect prolactin physiology. For example, in a longitudinal study of mothers of preterm infants, 48 salivary amylase was inversely correlated with prolactin area under the curve (AUC), suggesting that alpha-adrenergic activity inhibits prolactin release. Diminished prolactin response to meals and to thyrotropinreleasing hormone (TRH) administration has also been described in functional hypothalamic amenorrhea. 49 These data suggest that defects in serotonin and stress reactivity pathways may be associated with both maternal mood and prolactin production, leading to undesired weaning because of diminished milk supply.
Stress Reactivity
Both the HPA axis and the autonomic nervous system are implicated in lactation physiology, and converging evidence suggests that depression and anxiety arise from aberrations in these stress reactivity pathways. Depression-related stress reactivity may, therefore, interfere with lactation, leading to premature weaning.
Hypothalamic-Pituitary-Adrenal Axis
Cortisol in a necessary cofactor for milk production. In mammary epithelial cells, circulating glucocorticoids bind with cytosolic receptors, and these complexes act synergistically with prolactin to initiate nuclear transcription and subsequent synthesis of milk proteins. 12 At the same time, cortisol levels decrease during breastfeeding episodes, 50 and the HPA response to physical stress is diminished in breastfeeding women compared with bottle-feeding women. 51 These findings are consistent with studies demonstrating attenuated stress response in lactating animals, 52 ,53 which appears to be mediated by both oxytocin and prolactin. 54, 55 A marked transition in HPA axis function occurs with partuition. During pregnancy, placental production of corticotrophin-releasing hormone (CRH) upregulates the maternal HPA axis, leading to marked increases in circulating cortisol 56 and suppression of hypothalamic CRH secretion. This hypothalamic suppression normally recovers gradually after childbirth, resulting in a period of blunted HPA axis activity. 57 In women with perinatal mood disorders, this transition is characterized by a markedly reduced adrenocorticotropic hormone (ACTH) response to CRH in the anterior pituitary and concomitant hypocortisolism. 57, 58 These aberrations in HPA reactivity may play a role in both PPD and lactation failure. Inadequate circulating cortisol may directly impact milk production at the level of the mammary epithelium, and disruption of oxytocin and prolactin may diminish the stress-attenuating effects of breastfeeding, reducing maternal enjoyment of breastfeeding and leading to earlier weaning.
Autonomic Nervous System
Parasympathetic pathways also play an important role in lactation and maternal mood. Animal studies suggest that oxytocin receptor-rich vagal nerve nuclei in the central periaquaductal gray govern maternal behavior and lactation success. Lesions in this region decreased dam postures necessary for efficient nursing, reduced pup weight gain, and increased maternal aggression in response to an intruder challenge. 59 These findings suggest that parasympathetic pathways modulate both nursing behavior and postpartum stress reactivity. Studies in nursing mothers show increased parasympathetic and decreased sympathetic activation compared with bottle-feeding or mixed-feeding mothers, 51, [60] [61] [62] suggesting that successful breastfeeding requires-and reinforces-parasympathetic activation.
Autonomic nervous system physiology changes with the transition from pregnancy to lactation. Sympathetic activity decreases over the course of gestation, manifested by declining stress-induced changes in heart rate, blood pressure, and salivary alpha-amylase. 63, 64 These changes appear to be attenuated in depressed pregnant women, who have higher heart rates and lower parasympathetic heart rate variability compared with nondepressed women. 65 No studies, to our knowledge, have measured sympathetic/parasympathetic balance in PPD, but major depression and anxiety are associated with reduced parasympathetic control in nonpregnant populations. 66, 67 Studies linking diminished parasympathetic activity with depression and anxiety suggest that autonomic dysregulation may predispose women to mood disorders. This sympathetic/parasympathetic imbalance may also impair lactation physiology, contributing to failed lactation.
Pain Perception
Breastfeeding-associated pain is a common reason for early weaning, affecting one third of mothers who discontinue breastfeeding before 1 month. 68 We have found that early breastfeeding pain is associated with subsequent diagnosis of perinatal depression. 69 Pain perception is, in essence, a central reaction to a sensory stressor and, thus, represents a special case of stress reactivity. Depression-related differences in pain perception may further link perinatal mood disorders with failed lactation. Indeed, low oxytocin levels are associated with diminished pain thresholds. 70 Prior studies have linked depressive symptoms with childbirth-associated pain and catastrophization, 71 which describes a cognitive and emotional response that assumes adverse circumstances can and will get progressively worse. These tendencies are associated with both depression and chronic pain and may be mediated, in part, by catastrophizing-associated differences in central nociception pathways. 72 Such differences in central nociception pathways may predispose women to both perinatal depression and severe breastfeeding-associated pain, leading to early weaning.
Thyroid
In animal models, reducing maternal thyroid hormone levels lowers oxytocin levels, diminishes milk ejection, and reduces milk quality. 73, 74 Human studies similarly show a link between clinical hypothyroidism and diminished milk production, 75 and daily milk production is directly correlated with circulating thyroxine and triiodothyronine (T 4 ). 76 Thyroid dysregulation is also implicated in perinatal mood disorders. Both total T 4 and thyroid-binding globulin rise during pregnancy, but free T 4 levels remain within the normal range. 77 After delivery, both estrogen and thyroid-binding globulin levels decrease, with a concomitant reduction in total T 4 . 78 Aberrations in this transition may manifest as depression or anxiety. Anxiety symptoms are increased among women with thyroid dysfunction, 79 and low-normal levels of total and free thyroxine during late pregnancy are associated with postpartum depressive symptoms. 80, 81 Other authors have also reported an association between thyroid disturbance and mood and anxiety symptoms in the perinatal period. 82 Postpartum hypothyroxinemia may, therefore, contribute to both perinatal mood disorders and reduced milk supply, predisposing women to early weaning.
Infant Development
Breastfeeding can be described as a two-person, singleorgan system. Infant suckling stimulates production of both oxytocin and prolactin, and infant demand drives milk supply. If the breast is not emptied regularly, engorgement occurs, downregulating prolactin receptors in the mammary epithelium and reducing milk production. 83 Successful lactation, therefore, requires mature infant suck-swallow patterns; maternal depression may affect this oromotor development. Exposure to elevated CRH during pregnancy has been linked with differences in neurologic maturation 84 and neuromuscular development. 85 At birth, neonates born to depressed mothers exhibit different suckling responses than those born to euthymic mothers. 86 Maternal depression may also affect breastfeeding outcomes via its influence, in utero, on physiologic processes that underlie developing infant temperament and behavior. Maternal depression during pregnancy may have a profound effect on offspring development. 87 For example, maternal psychologic symptoms lead to distinguishable differences in fetal heart rate response to stress by the end of pregnancy, 88 such that fetuses of more anxious mothers showed significant increases in heart rate during a stressor, whereas fetuses of less anxious mothers showed nonsignificant decreases in heart rate. Thus, even before birth, fetuses of more anxious mothers show greater stress reactivity than those of nonanxious mothers.
These differences continue to be observed after birth. Infants of depressed mothers have physiologic and biochemical profiles that mimic their mothers during pregnancy, including lower levels of dopamine and serotonin, elevated norepinephrine and cortisol, and greater relative right frontal electroencephalogram (EEG). [89] [90] [91] In addition, elevated maternal depressive symptoms during pregnancy are related to lower vagal tone in newborns 90 and in 3-6-month-old infants at rest and during interactions with their mothers. 92, 93 Taken together, these results suggest that infants of depressed mothers may develop maladaptive biobehavioral regulatory patterns, which are known to underlie characteristics associated with negative temperament.
One of the most extensively studied physiologic pathways from maternal depression in utero to infant outcomes is placental CRH (pCRH). In some 94, 95 but not all 96 studies, midpregnancy pCRH has been found to be an early predictor of postpartum and prenatal depression. pCRH has also been associated with preterm labor, reduced birth weight, and slow growth rate in infants. [97] [98] [99] [100] [101] High late-pregnancy cortisol levels are also associated with increased crying, fussing, and negative reactivity and facial expressions in infants, as well as maternal ratings of more difficult temperament. 102, 103 The role of infant temperament in feeding outcomes is not well understood, but there is evidence of a relationship between difficult temperament and reduced breastfeeding during the first half-year of life. 104, 105 Jones et al. 106 assessed maternal-infant behavior and development in cohorts of depressed and nondepressed women who were breastfeeding and bottle-feeding, and they concluded that maternal depression affects both infant temperament and infant EEG asymmetry, which, in turn, reduced breastfeeding duration. Thus, gestation in the setting of maternal depression or anxiety may impact infant development, leading to breastfeeding difficulties and early weaning.
Treatment Implications and Future Research
Failed lactation and perinatal depression are common conditions, and these two disorders frequently occur together. Clinicians seeing women for either mood disorders or lactation difficulties should be aware of this overlap and assess women with breastfeeding problems for depression, as well as refer women with depressive symptoms for breastfeeding support from an experienced provider, such as an International Board-Certified Lactation Consultant. 107 Studies linking acute and chronic stress with diminished levels of lactogenic hormones and low milk supply suggest that relaxation techniques could be helpful for improving both mood and breastfeeding success. For example, in a randomized controlled trial in mothers of neonatal intensive care unit (NICU) infants, mothers assigned to use relaxation tapes for 1 week produced 63% more milk (90.1 vs. 55.4 mL) during a pumping session compared with mothers in the control group. 108 Psychotherapy may also be beneficial. Berga et al. 109 demonstrated that cognitive behavioral therapy (CBT) can correct hypothalamic amenorrhea, suggesting that CBT can improve stress-associated hypothalamic dysfunction. Studies are needed to determine if assessing circulating neuroendocrine markers and correcting low or high levels can improve mood or breastfeeding outcomes. Future research should also determine if pharmacotherapy for perinatal depression affects production of lactogenic hormones, milk production, and breastfeeding outcomes. Mammary gland serotonin plays a role in local autoregulation, 110 and implantation of pellets containing the selective serotonin reuptake inhibitor (SSRI) fluoxetine in a rodent model caused local involution of lactating mammary glands. In a small study, women taking SSRIs (7 of 8, 88%) were more likely to report delayed secretory activation than women not taking SSRIs (184 of 423, 44%). 111 Women taking SSRIs at 2 weeks were also less likely to be breastfeeding at 12 weeks in an observational study. 112 Further studies are needed to confirm these findings and determine the impact of different SSRI regimens on feeding outcomes.
Future studies must also consider the multiple factors that impact both breastfeeding intention and duration, including sociodemographic variables, 113 maternal knowledge and beliefs, 114 maternity care practices, 115 and maternity leave. 116 Finally, further studies should differentiate among phenotypes of maternal depression and anxiety. These conditions are differentially associated with withdrawn vs. intrusive parenting styles, 117, 118 and these interaction styles may, in 268 STUEBE ET AL.
turn, have differing effects on infant development and feeding outcome.
Conclusions
Failed lactation and perinatal depression are common clinical problems that incur substantial morbidity for both mothers and infants. As we have reviewed, these two conditions frequently occur together, and they may be manifestations of neuroendocrine perturbations in gonadal and lactogenic hormones, stress reactivity, thyroid homeostasis, or infant development. Further studies are needed to characterize differences in maternal neuroendocrine physiology among depressed and nondepressed mothers who are or are not breastfeeding their infants. Such research may identify treatment strategies to both relieve postpartum mood disorders and enable women to achieve their infant feeding goals.
